Parasites and host interplay: steroid hormones influence parasite development and survival
==========================================================================================

Progesterone, androgens, and estrogens are present and have critical roles in the vertebrate reproduction and metabolism, but the influence and occurrence of steroid hormones in invertebrates had received less attention (Lafont, [@B27]) the interplay between the parasite and the host defines the intensity of parasite infections. In many cases, the presence of parasites in the host changes its endocrine equilibrium due to the activation of the immune system response, which finally affects the endocrine system through the influence of cytokines and growth factors released by the immune cells. It is now widely accepted that corticosteroids and sex-related hormones influence the immune response (Roberts et al., [@B48]; Coutinho and Chapman, [@B12]; Reyes-Hernandez et al., [@B47]), thereafter any endocrine perturbation initiated by an infection will change the neuroendocrine equilibrium. These hormonal changes resulting from a spontaneous or experimental infection, affect the parasitic charge, the course of the infection and the parasite\'s survival (Barthelemy et al., [@B6]). On the other hand, some parasite infections disrupt the host endocrine system, in a noteworthy example, the dromedary bull, *Camelus dromedarius*, parasitized with *Tripanosoma evansi*, presents changes in the sexual steroid plasmatic concentrations, as well as in the semen characteristics (Al Qarawi, [@B3]). Furthermore, the male Fence Lizard (*Sceloporus occidentalis*) infected with the malarial parasite *Plasmodium mexicanum* shows several reproductive pathologies, such as fewer courtship and decreased testosterone levels (Dunlap and Schall, [@B16]) and the *Toxoplasma gondee* infection enhances testicular steroidogenesis in rats (Lim et al., [@B31]). Interestingly, it has been shown that the host hormonal environment determines the susceptibility, the course, and severity of many parasite infections, and therefore a clear dichotomy in infection susceptibility between males and females had been observed (Morales-Montor et al., [@B41]). A rich estrogen environment facilitates *Taenia crassiceps* cysticerci proliferation, blocking thus the P450-aromatase with fadrozole decreased parasite load (Morales-Montor et al., [@B42]). Parasites may also alter the host\'s reproductive behavior (Thompson and Kavaliers, [@B53]) as had been also shown in *Taenia crassiceps* ORF infected male mice (Morales et al., [@B40]).

Steroids and steroid synthesis inhibitors influence the fertility of *Schistosoma mansoni in vitro* (Morrison et al., [@B43]) while progesterone, makisterone, and ecdysone increased the length of the larvae *Ascaris suum*, a roundworm swine parasite (Fleming, [@B21]), while progesterone, 17β-estradiol, and testosterone added to the culture medium enhanced the number of *Plasmodium falciparum* gametocytes (Lingnau et al., [@B32]). Progesterone, but not testosterone decreased the *in vitro* molting process of *Trichinella spiralis* (Hernández-Bello et al., [@B17a]) and *T. crassiceps* ORF cysticerci cell proliferation was increased by physiological concentrations of testosterone, and 17β-estradiol added to the culture media (Romano et al., [@B49]), while high concentrations inhibited its reproduction (Escobedo et al., [@B16a]).

The role of corticosteroids in the host-parasite interplay
==========================================================

It is well-known that non-physiological stress situations, such as social isolation, infections, persecution, etc., increase serum corticosteroids levels with the consequent impairment of the immune response. The interplay host-parasite is not the exception, for example social stress caused by female isolation increased blood *Typanosoma cruzi* infection in the wild mouse *Calomys callosus*, which showed body weight loss and impaired immune response (Santos et al., [@B14a]), whereas the hypothalamus-pituitary-interregnal axis of rainbow trout was altered by the parasite haemoflagelate *Cryptobia* infection (Madison et al., [@B33]). In addition, the infection with *Anguillicola novaezelandiae* affects cortisol levels in the European Eel (Dangel et al., [@B13]). Frequently, the host and the parasites are affected in the course of infection, as in Bluegill Sunfish (*Lepomis macrochirus*) infected with *Utterbackia imbecillis*, which results in plasma cortisol increment in the host, favoring thus the parasite juvenile metamorphosis (Dubansky et al., [@B15]). On the other hand, *in vivo* treatment of rats with cortisol increased the growth rate of the protozoan parasite *Toxoplasma gondii* in isolated peritoneal macrophages (Wang et al., [@B60]).

Direct effects of glucocorticoids on parasite growth
====================================================

Aside from the influence of corticosteroids in the course of parasitic infections, it had been shown that these hormones directly influence parasite\'s growth. For instance, cortisol and dexamethasone increase the *in vitro* multiplication of the haemoflagellate *Cryptobia salmonistica*, possible by their interaction with glucocorticoid receptor-like protein (Li et al., [@B28], [@B29]). In this regard, dehydroepiandrosterone (DHEA) addition to the culture media decreased, while cortisol increased the *in vitro* growth and viability of *Entamoeba histolytica* (Carrero et al., [@B10]). We had shown that corticosterone and dexamethasone increase the capacity of *T. crassiceps* WFU cysticerci to synthesize androgens and estrogens, hormones that favor the parasite reproduction (Hinojosa et al., [@B25]).

Parasites synthesize steroid hormones
=====================================

Lipids and steroid hormones
---------------------------

Lipids, and particularly cholesterol and their metabolites, are required and synthesized by some parasites. Bansal et al. ([@B5]) reviewed the requirement for lipids, particularly cholesterol, by pathogens like protozoa (Leishmaniosis, Malaria, and Toxoplasmosis). It has recently been stated that cholesterol exerts many of its functions by maintaining a specialized type of membrane domain called "lipid rafts" in a functional state. These domains are rich in cholesterol and sphingolipids and could be involved in signal transduction and in the entry of pathogens to the host cells (Simons and Toomre, [@B51]).

The incorporation and utilization of arachidonic acid, linoleic acid, 3-sn-phosphatidycholine, tripalmitylglycerol, and cholesterol by adult *Schistosoma mansoni* was demonstrated by Rumjanek and Simpson ([@B49a]). These parasites exchange cholesterol and other metabolites during reproduction (Popiel and Basch, [@B46]; Silveria et al., [@B50]), while cholesterol is absorbed by the hydatid cysts of *Echinococcus granulosus* (Bahr et al., [@B4]). On the other hand, parasites like *Trypanosome cruzi* and some species of *Leishmania* cannot use cholesterol but they synthesize ergosterol and related 24-alkylated sterols. Furthermore, *Leishmania* has a strict requirement for ergosterol for their survival and growth (Urbina et al., [@B55]; Magaraci et al., [@B18]; Bazin et al., [@B7]).

Ecdysteroids
------------

Several parasites synthesize ecdysteroids, steroid hormones that are essential for arthropod molting; the capacity to synthesize these hormones has been used to classify cestodes (de Loof and Huybrechts, [@B14]). However, the role of these steroids in parasites remains obscure. Ecdysterone production has been reported in a variety of helminth species, among them, the nematodes *Dirofilaria immitis*, *Brugia pahangi*, *Ascaris suum*, and *Anisakis simplex*, the cestodes: *Moniezia expansa*, *Echinococcus granulosus*, and *Hymenolepis diminuta* and the trematodes: *Fasciola hepatica* and *Schistosoma mansoni* (Mendis et al., [@B36], [@B35]; Fleming, [@B21]; Cleator et al., [@B11]; Evershed et al., [@B17]; Mercer et al., [@B38],[@B39], [@B37]; Foster et al., [@B22]). In male and female, *Dirofilaria immitis*, and in female, *Ascaris suum* ecdysteroids were concentrated in the reproductive system, whereas the presence of ecdysteroids in the eggs of *Schistosoma mansoni* suggests a regulatory role in embryogenesis (Mercer, [@B37a]). Ecdysteroids have also been found in cestodes like the sheep parasite *Moniezia expansa* and in the rat tapeworm *Hymenolepis diminuta* (Mercer et al., [@B39]). Ecdysterone can be detected in the sera of infected hosts parasitized by *Schistosoma*, a trematode that synthesizes and releases the steroid to the host\'s circulation (Mercer, [@B37a]). Although the role of ecdysteroids during insect metamorphosis had been widely demonstrated, the function of these steroids in parasites remains obscure.

Sex steroids
------------

Evidence for the steroidogenic capacity of *Schistosoma mansoni* was provided years ago by data showing the conversion of steroid precursors to its metabolites by the parasite homogenate (Briggs, [@B9]). We had shown that cultured *Trypanosoma cruzi* trypomastigotes synthesize androgens and estrogens from androstenedione and DHEA (Vacchina et al., [@B56]). We had also investigated the steroidogenic capacity of the cysticerci and tapeworm from *Taenia solium* and *Taenia crassiceps* WFU. The adult worm of *Taenia solium* and *crassiceps* WFU tapeworms are attached to the host gut with hooks that surrounds their head, and develop reproductive units called proglottids, where testis and ovaries gradually differentiate, and finally contain spermatocytes and infective eggs (Willms et al., [@B61]). *Taenia solium* cysticerci is the larval stage of the parasite and is found in the brain or muscle of humans and pigs, whereas *Taenia crassiceps* WFU cysticerci constitute a useful laboratory model due to their reproduction by budding in the peritoneal cavity of mice. We had been exploring the capacity of cysticerci to synthesize sex steroids *in vitro* and found that *T. solium* and *T. crassiceps* ORF cysticerci transform steroid precursors such as progesterone, dehydroepiandrostenedione, and androstenedione to androgens and estrogens (Gómez et al., [@B23]; Jiménez et al., [@B26]; Valdez et al., [@B58]). Other experiments showed that drugs that block steroidogenic enzymes interfered the *in vitro* steroid synthesis, suggesting the existence of this enzymes in the parasites (Aceves-Ramos et al., [@B2]).

Because of the presence of testis and ovaries in tapeworm proglottids, we had investigated the *in vitro* steroidogenic capacity of experimental *Taenia crassiceps* WFU and *solium* tapeworms obtained from the intestine of infected hamsters. *Taenia crassiceps* WFU tapeworms were incubated in the presence of ^3^H-DHEA and tritiated androstenediol and 17β-estradiol where recovered from the culture media, which strongly suggest the presence and activity of enzymes from the Δ5 steroid pathway in these tapeworms (Fernández Presas et al., [@B20]). *Taenia solium* tapeworms kept in culture also synthesized sex steroids (Valdez et al., [@B59]).

Corticosteroids
---------------

Since the above mentioned literature indicated that *Taenia solium* and *Taenia crassiceps* cysticerci and tapeworms synthesized sex steroid hormones, we thought these organisms could also synthesize corticosteroids. Thereafter, we had incubated *Taenia crassiceps* cysticerci in the presence of ^3^H-progesterone and found an important transformation into deoxycorticosterone (Valdez et al., [@B57]), a steroid that has mineralocorticoid functions in vertebrates and also display some glucocorticoid properties. In addition, the parasites synthesized corticosterone, which was measured by radioimmunoassay in the culture media. More recently, we found corticosteroid-like synthesis in *Taenia solium* tapeworms (Valdez et al., [@B59]). It had been shown that in the adrenal reticular zone of mammals an excess of progesterone can be inactivated by 20HSD activity (Pelletier et al., [@B45]) and that cortisol and corticosterone can be inactivated by 11β-hydroxylase in the adrenal glomerulose zone (for a review see Odermatt and Atanasov, [@B44]) but to our knowledge these enzymes had not been investigated in *Taenia solium* or *crassiceps* WFU organisms. Besides their effects on the own parasite development and differentiation, the cysticerci, and tapeworm\'s steroidogenic capacity might play a role in the permanence of the parasites in muscle and brain tissues and in the host intestine.

Parasites express steroidogenic enzymes
=======================================

Some steroidogenic enzymes had been described in parasites. For instance, sterol-sterifying enzymes were found in *Toxoplasma gondee*, a protozoan incapable of cholesterol de novo synthesis (Lige et al., [@B30]). The presence of 3β-hydroxysteroid dehydrogenase in *Sarcocystis spp* had been shown by immunohistochemistry (Yarim et al., [@B62]); the enzyme is also present in *Taenia solium* cysticerci and tapeworms (Fernández Presas et al., [@B20]). Genes from the cholesterol synthesis pathway have been found and expressed in Giardia intestinalis (Hernandez and Wasserman, [@B24]). The parasite flatworm *Schistosoma japonicum* has a type 12 17-HSD that metabolizes estrone to estradiol (Zhou et al., [@B63]).

We have recently shown that *Taenia solium* cysticerci express the enzyme 17β-HSD that belongs to the short chain dehydrogenases/reductase family (Aceves-Ramos et al., [@B1]). Transient transfection of HEK293T cells with Tsol17β-HSD-pcDNA3.1 (+) induced expression of Tsol17β-HSD that transformed ^3^H-androstenedione into testosterone. In contrast, ^3^H-estrone was not significantly transformed into estradiol. Therefore, *Taenia solium* cysticerci express a 17β-HSD that catalyzes the androgen reduction and belongs to the short chain dehydrogenases/reductase (SDR) protein superfamily (Aceves-Ramos et al., [@B1]). Recently, a sequence (EmW000624600 which is available at: <http://www.genedb.org/Homepage/Emultilocularis>) with an identity of 84% with Tsol-17βHSD and a total coverage has been described for *E. multilocularis*, suggesting the presence of 17 HSD enzymes in this *Taeniid* family (Tsai et al., [@B54]). However, the expression level and enzyme activity has not been yet investigated.

Concluding remarks
==================

The knowledge of parasite endocrinology will contribute to our understanding of parasite biology and their interactions with the host. Sex steroids and corticosteroids are important hormones for the growth, differentiation, and performance in many species. Therefore, the synthesis of these hormones by parasites themselves may be critical for their own development and viability. In addition, it was shown that the production of steroids by parasites is regulated by corticosteroids and affected by steroidogenic inhibitors, which may be used as tools to combat the infection in some clinical situations. Furthermore, steroid synthesis by parasites may contribute to defend them from the attack of immune cells and therefore facilitate their survival in the host tissues.
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